Stec MJ, Mayhew DL, Bamman MM. The effects of age and resistance loading on skeletal muscle ribosome biogenesis. J Appl Physiol 119: 851-857, 2015. First published August 20, 2015 doi:10.1152/japplphysiol.00489.2015The hypertrophic response to resistance training is generally attenuated with aging; yet the mechanisms regulating this phenomenon are largely unknown. Several studies to date have shown blunted translational efficiency following acute resistance exercise in older adults; however, the effects on translational capacity (i.e., ribosome biogenesis) have not yet been examined. Thus the purpose of this study was to examine changes in markers of ribosome biogenesis following an acute bout of resistance loading (RL; 9 sets ϫ 10 repetitions of knee extensions) in younger (Y; n ϭ 14; 39.2 Ϯ 4.1 yr) and older (O; n ϭ 12; 75.7 Ϯ 5.7 yr) adults. Vastus lateralis biopsies were taken pre-and 24 h post-RL, and muscle samples were analyzed for total RNA content, 45S pre-rRNA expression, ribosomal protein content, and levels of signaling proteins that regulate ribosome biogenesis. Before RL, O had higher total RNA content (ϩ28%; P Ͻ 0.05), a trend toward higher 45S pre-rRNA expression (ϩ59%; P ϭ 0.08), and greater protein content of several ribosomal components (Ϸ ϩ50 -80%; P Ͻ 0.05) than Y. However, 24 h post-RL, only Y increased 45S pre-rRNA expression (ϩ34%; P Ͻ 0.01), possibly driven by higher basal p-Rb (Ser780) (ϩ61%; P ϭ 0.10), and a robust transcription initiation factor (TIF)-1a response (ϩ75%; P Ͻ 0.05). RL tended to increase protein components of the 40S ribosomal subunit in Y only (Ϸ ϩ20 -25%; P Յ 0.12). Overall, the data suggest blunted ribosome biogenesis in response to RL in O, which may be a potential mechanism driving the age-related attenuation of resistance training-induced hypertrophy.
regulating this attenuated hypertrophic response to RT in older adults are largely unknown, it is likely driven by a reduced protein synthetic response to repeated bouts of resistance exercise.
Following a bout of resistance exercise, muscle protein synthesis is increased and can remain elevated for up to 48 h (31) . This acute elevation is thought to be driven primarily by increased translational efficiency via an enhanced rate of translation initiation (4) . Several studies have shown that the early protein synthetic response to a single, acute bout of resistance exercise is blunted or delayed in older adults compared with young (12, 13, 19, 23) , which may account for their attenuated long-term hypertrophic response to chronic RT. However, it has recently been shown that acute increases in myofibrillar protein synthesis following a single bout of resistance exercise are not correlated with the magnitude of muscle hypertrophy following long-term RT (26) . In addition, we have previously shown that young subjects increase muscle protein synthesis 24 h after a single bout of resistance exercise (approximately equal to ϩ100%), while older subjects do not; however, the older subjects still achieved significant myofiber hypertrophy following 16 wk of progressive RT (23) . These data indicate that, although older adults have a blunted protein synthetic response to acute resistance exercise, it may not prevent them from attaining significant gains in muscle mass with long-term RT. Overall, it appears that the blunted protein synthetic response following an acute bout of resistance exercise may not be the sole determinant of the attenuated hypertrophic response to long-term RT that occurs in older adults.
Aside from acute increases in protein synthesis driven by enhanced translational efficiency, resistance exercise can also increase translational capacity (i.e., ribosome biogenesis) to promote muscle growth. Several studies have shown that markers of ribosome biogenesis are increased during loadinduced muscle hypertrophy in both rodents and humans (reviewed in Ref. 8) , likely in an effort to sustain the enhanced rate of protein synthesis following repeated bouts of loading. Ribosome biogenesis is a complicated and energetically-costly process; formation of a single translational-competent ribosome requires production of four ribosomal RNAs (rRNAs) and the synthesis of ϳ80 ribosomal proteins. By increasing the number of ribosomes following a mechanical loading event, more protein can be synthesized per given mRNA template, and thus, hypertrophy will be facilitated. It is unknown whether ribosome biogenesis is required for muscle hypertrophy in humans; however, it appears that increases in ribosome biogenesis can occur within the first 24 h following a single bout of resistance exercise (16, 28) . In addition, we have previously shown that individuals who have an extreme hypertrophic response to long-term RT are able to significantly increase muscle RNA content [indicative of rRNA transcription, a rate-limiting step of ribosome biogenesis (21)] 24 h following an acute bout of resistance exercise, while individuals who have only a modest or no hypertrophic response do not to increase muscle RNA content at this time point (16) . If the ability to effectively increase ribosome biogenesis following a bout of resistance exercise is necessary for maximal hypertrophy, it would be interesting to see whether older adults can activate ribosome biogenesis to the same extent as young during RT and if the inability to do so is a possible cause of their attenuated hypertrophic response to RT.
Few studies to date have examined the effects of loadinduced skeletal muscle ribosome biogenesis with regard to aging. Haddad and Adams (15) found that skeletal muscle from older rats has more RNA content (normalized to tissue weight) compared with young at baseline, indicating higher rRNA levels. Interestingly, they also found that only young are able to significantly increase muscle RNA content 24 h following a bout of isometric resistance exercise. The older rats were able to increase total RNA levels but not until 48 h following the resistance exercise bout, indicating a delay in rRNA synthesis. Similarly, a recent study from Kirby et al. (17) showed that, following synergist ablation, rRNA expression was greatly increased in skeletal muscle from young mice, while the increase in rRNA expression was blunted in aged mice (ϩ50% vs. 2.5-fold). Based on these findings, we hypothesize that a possible mechanism regulating the attenuated RT-induced hypertrophic response in older adults is a reduced ability to activate ribosome biogenesis following resistance exercise. To test this hypothesis, we examined several markers of ribosome biogenesis in untrained younger and older adults before and 24 h after intensive resistance exercise. We found indexes of heightened ribosome biogenesis in the resting muscles of old vs. young. Additionally, we found that younger adults increase markers of skeletal muscle ribosome biogenesis following acute resistance exercise while old do not, suggesting a blunted response with advancing age.
METHODS
Subjects. Twenty-six younger (Y; n ϭ 14; 39.2 Ϯ 4.1 yr) and older (O; n ϭ 12; 75.7 Ϯ 5.7 yr) adults were recruited from the Birmingham, Alabama, metropolitan area. Both Y and O were balanced by gender (7 M, 7 F in Y; 6 M, 6 F in O). All subjects completed health history and physical activity readiness questionnaires. Subjects in the O group were also screened by comprehensive physical exam by a physician and a graded exercise stress test with 12-lead ECG. Subjects were excluded for a history of RT, musculoskeletal, or other disorder that might influence testing or risk of injury, obesity (body mass index Ն30), or any current medications that might influence test results. The study was approved by the Institutional Review Boards of the University of Alabama at Birmingham and the Birmingham Veterans Affairs Medical Center, and all subjects provided written, informed consent before participation.
Body composition and muscle mass. Body composition and muscle mass were assessed via dual-energy X-ray absorptiometry (DXA; Lunar Prodigy model no. 8743; GE Lunar, Madison, WI) as previously described (25, 30) . In brief, limb (bilateral arm ϩ leg) muscle mass and thigh muscle mass (TMM) were measured using enCORE 2002 software (version 6.10.029), according to the manufacturer's instructions. Measures of muscle mass were normalized to height for standardization across subjects. Skeletal muscle index was calculated as limb muscle mass (kg)/height (m) 2 . Bilateral TMM (kg) was also adjusted by height (m) 2 , and we refer to this adjusted value as TMM. Body composition and muscle mass data are reported in Table 1 .
Resistance loading protocol and tissue collection. The resistance loading (RL) protocol we used has been described in detail previously (25, 35) . In brief, subjects performed 9 sets of 10 repetitions of unaccustomed, dynamic, bilateral knee extensions against a resistance load equal to Ϸ65% of one-repetition maximum strength. Subjects performed the concentric phase of each repetition explosively, followed by a controlled eccentric lowering phase. The RL protocol induced modest muscle damage in these subjects (Ϸ60% increase in serum creatine kinase and no change in serum myoglobin 24 h post-RL; see Ref. 25 for methodology).
Vastus lateralis muscle biopsies were performed in a fasted state at rest and 24 h after the RL bout according to previously established procedures (6) . Muscle samples were obtained under local anesthetic (1% lidocaine) by percutaneous needle biopsy, and the contralateral limb was used for the post-RL biopsy. Muscle samples were snap frozen in liquid nitrogen and stored at Ϫ80°C until further analysis.
Muscle RNA and protein isolation. Frozen muscle samples (Ϸ30 mg) were pulverized and total RNA was isolated using Tri-Reagent (Molecular Research Center, Cincinnati, OH) in accordance with the manufacturer's instructions. RNA quantity and quality were determined using a spectrophotometer (NanoDrop ND-1000; Thermo Scientific, Rockford, IL). Total RNA content/tissue weight was used as a surrogate of rRNA abundance, as Ͼ85% of skeletal muscle RNA is comprised of rRNA (38) . Due to tissue availability, muscle samples from 8 Y (4 M, 4 F) and 10 O (5 M, 5 F) subjects were used for protein analyses. Muscle samples were pulverized and homogenized in 6 l/mg muscle of ice cold lysis buffer with protease and phosphatase inhibitors and then centrifuged at 15,000 g for 40 min at 4°C according to previously established procedures (25) . The supernatant was stored at Ϫ80°C until assayed for protein content using the bicinchoninic acid technique with BSA as a standard.
Quantitative PCR. Transcript levels of 45S pre-rRNA were assessed before and 24 h after the RL bout using quantitative RT-PCR. cDNA was synthesized via reverse transcription using the SuperScript VILO cDNA Synthesis kit (Invitrogen, Carlsbad, CA), and real-time RT-PCR was performed using a StepOne System (Applied Biosystems, Foster City, CA). Forward and reverse primers designed to recognize the 5=-external transcribed spacer (5=-ETS) of 45S prerRNA were 5=-CCTGCTGTTCTCTCGCGCGTCCGAG-3= and 5=-AACGCCTGACACGCACGGCACGGAG-3= and have been previously validated by Northern blot (14) . All samples were run in triplicate, and GAPDH (Hs02758991_g1) expression served as an internal control. GAPDH expression did not differ between age groups and did not change from pre-to post-RL. Relative amounts of 45S pre-rRNA (i.e., ⌬CT values) were determined using the comparative threshold cycle method via StepOne software version 2.2.2 (Applied Biosystems).
Immunoblotting. Thirty-five micrograms of mixed muscle protein lysate were resolved on 4 -12% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Protein lysate samples from Y and O subjects were ran consecutively on the same gels to standardize exposure time between groups. To determine levels of select proteins of the small (40S) and large (60S) ribosomal subunits, antibodies against ribosomal protein (rp) S3, rpS6, rpL3, and rpL7a were used. To assess signaling proteins that regulate ribosome biogenesis, antibodies against transcription initiation factor (TIF)-1a, phosphorylated (Thr421/Ser424) and total p70S6K, phosphorylated (Ser2448) and total mammalian target of rapamycin (mTOR), phosphorylated (Ser780) and total retinoblastoma (Rb), nucleolin, c-myc, and upstream binding factor (UBF) were used. Antibodies were purchased from Cell Signaling Technologies (product no. cs-9538, 2217, 2403, 9204, 2708, 2971, 2972, 3590, and 9309; Danvers, MA) except for rpL3, c-myc, and UBF, which were purchased from Santa Cruz Biotechnology (product no. sc-86828, 788, and 13125; Dallas, TX), and TIF-1a, which was purchased from Sigma-Aldrich (product no. SAB4502266; St. Louis, MO). Antibodies were used at a 1:1,000 dilution (except c-myc and UBF, which were 1:500) in 5% goat serum (monoclonal antibodies) or 2% milk ϩ 2% BSA (polyclonal antibodies). Horseradish peroxidase-conjugated secondary antibody (Thermo Scientific, Rockford, IL) was used at 1:50,000 (wt/vol) dilution, followed by chemiluminescent detection in a Bio-Rad (Hercules, CA) ChemiDoc imaging system with band densitometry performed using Bio-Rad Quantity One software (version 4.5.1). Statistical analysis. Unpaired student's t-tests were used to compare baseline differences in body composition/muscle mass, total muscle RNA content, 45S pre-rRNA expression, ribosomal protein content, and signaling protein content between Y and O. A 2 ϫ 2 repeated measures ANOVA (group ϫ time) was used to examine differences between groups in total muscle RNA content, 45S prerRNA expression, ribosomal protein content, and signaling protein content from pre-to 24 h post-RL, with Fisher's least significant difference post hoc analysis used to examine interaction effects. Data are reported as means Ϯ SE, with P Ͻ 0.05 being considered statistically significant.
RESULTS
Total RNA content and 45S pre-rRNA expression. Total RNA content normalized for tissue weight did not change from pre-to post-RL in either group. Overall, O had Ϸ28% higher RNA content pre-RL and Ϸ16% higher post-RL (P Ͻ 0.05 for both) compared with Y (Fig. 1A) . Similarly, O tended to have higher basal expression of 45S pre-rRNA (ϩ59%; P ϭ 0.08). There was a significant effect of time on 45S pre-rRNA expression, indicating that 45S pre-rRNA expression increased from pre-to 24 h post-RL. Post hoc analysis revealed that only Y increased 45S pre-rRNA expression significantly (ϩ34%; P Ͻ 0.01), while a trend was noted in O (ϩ21%; P ϭ 0.08; Fig. 1B) .
Ribosomal protein content. Similar to total RNA content and 45S pre-rRNA expression, O muscle had higher baseline levels of ribosomal proteins compared with Y. For example, basal levels of rpS3, rpL3, and rpL7a were higher in O (ϩ52, ϩ69, and ϩ81%, respectively; P Ͻ 0.05 for all), and rpS6 tended to be higher in O (ϩ37%; P ϭ 0.07; Fig. 2 ). Levels of rpL3 and rpL7a did not change in either group from pre-to post-RL. However, there was a group ϫ time interaction effect for rpS3 and a trend toward a group ϫ time effect (P ϭ 0.07) for rpS6. Post hoc analysis suggested that Y tended to increase rpS3 (ϩ24%; P ϭ 0.12) and rpS6 (ϩ20%; P ϭ 0.09) levels from pre-to post-RL.
Ribosome biogenesis signaling. Levels of signaling proteins that regulate rRNA transcription and ribosomal protein mRNA translation are depicted in Fig. 3 . Baseline levels of TIF-1a, a critical regulator of rRNA transcription, were higher in O (ϩ79%; P Ͻ 0.05) vs. Y (Fig. 3A) , as were baseline levels of p-p70S6K (Thr421/Ser424; Fig. 3B; ϩ260% ; P Ͻ 0.001). Nucleolin levels appeared almost twofold higher in O, although this was nonsignificant (P ϭ 0.20). Interestingly, baseline levels of phosphorylated Rb (Ser780) tended to be higher in Y (ϩ61%; P ϭ 0.10), while total Rb protein content was no different between groups. RL increased phosphorylation of mTOR at one of its sites (Ser2448) in both Y and O to a similar extent from pre-to post-RL (ϩ302% and ϩ 241%, respectively; P Ͻ 0.01 for both). O decreased p70S6K phosphorylation (Thr421/Ser424) from pre-to post-RL (Ϫ62%; P Ͻ 0.001) to levels similar to those of Y. Only Y increased TIF-1a levels from pre-to post-RL (ϩ75%; P Ͻ 0.05). There were no group or time differences observed for c-myc or UBF protein levels. An ancillary analysis was conducted to see if there were any effects of gender on ribosome biogenesis. There were no compelling gender ϫ time interaction effects; however, several proteins involved in ribosome biogenesis appeared to be greater in females compared with males. For example, pmTOR (Ser2448) was significantly higher in females vs. males (ϩ96%; P Ͻ 0.05) and levels of TIF-1a and rpL7a tended to be higher in females vs. males (ϩ44%; P Ͻ 0.08, and ϩ38%, P Ͻ 0.11). Interestingly, this corresponded with significantly higher basal 45S pre-rRNA expression in females vs. males (Ϸ85% higher; P Ͻ 0.05), irrespective of age.
DISCUSSION
While it is generally accepted that older adults have an attenuated hypertrophic response to long-term RT, the molec- ular mechanisms regulating this phenomenon remain unclear. The present findings suggest older adults appear to have dysregulated ribosome biogenesis at baseline as well as an impaired ability to activate muscle ribosome biogenesis following a bout of resistance exercise, which may partly explain the attenuated hypertrophic response to RT observed in some older adults. Ribosome biogenesis is a critical regulator of cellular growth and proliferation and is tightly controlled at multiple levels. Production and assembly of the four rRNAs and Ϸ80 ribosomal proteins that make up the mature 80S eukaryotic ribosome require activation of all three classes of RNA polymerases as well as synthesis of hundreds of molecules involved in ribosome processing, assembly, and nuclear import/export (20) . Synthesis of rRNA is a major rate-limiting step in ribosome biogenesis, with rRNA comprising Ͼ85% of total cellular RNA (38) . Three of the four rRNAs (28S, 18S, and 5.8S rRNAs) are transcribed from a single gene (ribosomal DNA; rDNA) that exists in hundreds of tandem repeats throughout the genome. Transcription of rDNA via RNA polymerase 1 (Pol1) results in production of a precursor rRNA (i.e., 45S pre-rRNA), which is processed to form the 28S, 18S, and 5.8S rRNAs. This rate-limiting step of pre-rRNA production has been shown to occur early during load-induced muscle growth in mice (36) and humans (28) , with significant increases in 45S pre-rRNA expression occurring as soon as 4 h following an acute bout of RL in humans. It is unknown whether an increase in rRNA synthesis and subsequent ribosome biogenesis is required for load-induced skeletal muscle hypertrophy, but it is a reasonable hypothesis that ribosome biogenesis would be advantageous for sustaining elevated rates of protein synthesis during long-term RT. We have previously shown that only individuals with an extreme hypertrophic response to 16 wk of RT significantly increase muscle RNA content (indicative of increased rRNA production) 24 h after the first full exercise bout, while individuals with only a moderate hypertrophic response or no response at all do not increase muscle RNA content at this time (16) . These data suggest that an increase in ribosome biogenesis early in a RT program may be beneficial for maximizing RT-induced hypertrophy, and we speculate that this is a critical process that regulates load-induced muscle growth.
Here, we attempted to understand the specific pathways regulating resistance exercise-induced ribosome biogenesis and how they may be dysregulated in older adults. We show that several markers of ribosome biogenesis are upregulated 24 h after an acute bout of resistance exercise in younger adults. For example, at this time point, 45S pre-rRNA expression was increased almost ϩ35% above baseline, likely driven by a concomitant increase in protein levels of TIF-1a (ϩ75%), an initiation factor essential for Pol1-induced transcription of rDNA (33) . Additionally, younger adults tended to increase rpS3 and rpS6 levels (approximately equal to ϩ20 -25%), which are necessary components of the 40S ribosomal subunit. On the other hand, older adults did not significantly increase 45S pre-rRNA expression or increase ribosomal protein production 24 h after the acute bout of RL, indicating either a delayed or blunted ribosome biogenesis response to loading. Our results are in agreement with those from Kirby et al. (17) , which show that aged mice have blunted increases in total RNA, 47S pre-rRNA, and 28S rRNA content following synergist ablation compared with younger mice. These data implicate that ribosome biogenesis may be a key cellular process that regulates the attenuated RT-induced hypertrophic response seen in older adults. Perhaps one of the most well-studied pathways involved in skeletal muscle growth is the mTOR pathway. Activation of mTOR is required for load-induced muscle hypertrophy, and inhibition of mTOR via rapamycin abolishes load-induced hypertrophy (7). Aside from enhancing translation initiation, activation of the mTOR pathway can promote muscle growth by increasing ribosome biogenesis. Increased ribosome biogenesis driven by mTOR activation occurs via enhanced rRNA production and translation of ribosomal protein mRNAs (reviewed in Ref. 21 ). In the current study, RL substantially increased mTOR phosphorylation on Ser 2448 in both younger and older adults. Using a model similar to the current study (fasted state, 8 sets ϫ 10 repetitions of knee extension at 70% 1RM), Fry et al. (13) reported increased S2448 phosphorylation at 3, 4, and 24 h postexercise in young only. The discrepancy between the two studies cannot be explained, particularly given similar balanced gender composition and age ranges among the older adults in the two studies (i.e., 76 Y here vs. 70 Y in Fry et al.). However, since mTOR is phosphorylated at multiple residues by multiple mechanisms (1, 9, 34), S2448 phosphorylation is not necessarily indicative of mTOR activation. mTOR activity as measured by downstream phosphorylation of p70S6K (Thr389) and 4EBP1 has in fact been shown to be blunted in old within the first hour after RE (19) .
One mechanism by which mTOR augments ribosome biogenesis in muscle cells is by phosphorylating Rb, thus releasing UBF to activate rDNA transcription (27) . In the current study, neither Rb phosphorylation nor total levels of UBF protein were changed 24 h following the bout of RL. However, younger adults tended to have Ϸ60% higher levels of phosphorylated Rb (Ser780) in the resting state compared with older adults, suggesting that, before exercise, there may have been more unbound UBF to initiate rDNA transcription when provided a stimulus (e.g., resistance exercise). Additionally, only younger adults increased protein levels of the Pol1 cofactor, TIF-1a (ϩ75%), which likely helped drive their enhanced 45S pre-rRNA expression following RL.
While the data presented here demonstrate that only younger adults increase markers of ribosome biogenesis 24 h after RL, it should be noted many of these same markers were elevated in the skeletal muscle of older adults in the basal, resting state. For example, muscle from older adults had significantly higher total RNA content (ϩ28%; Fig. 2 ) and ribosomal protein content (approximately equal to ϩ50 -80%; Fig. 3 ) and tended to have higher 45S pre-rRNA expression (Fig. 1) with younger adults. Additionally, levels of signaling proteins that are known to regulate ribosome biogenesis were significantly higher or tended to be higher in muscle from older adults, including: TIF-1a (ϩ79%), p-p70S6K (Thr421/Ser424; ϩ260%), and nucleolin (ϩ188%; Fig. 3 ). These findings are in agreement with a previous study showing that total muscle RNA content is higher in older rodents (15) at rest, indicating that aging may induce ribosome accumulation in skeletal muscle. Additionally, Zahn et al. (39) have shown that the expression of several ribosomal genes are significantly increased during human aging. To our knowledge only one published human study contradicts these aging differences (32) . It is unknown why skeletal muscle from older adults appears to have a higher proportion of ribosomes compared with younger adults. This may be an attempt to compensate for the blunting of stimulus-induced translational efficiency that has been observed and may also be what is limiting any further increases in ribosome biogenesis following RL (i.e., a ceiling effect on skeletal muscle ribosome content). It is important to point out that an accumulation of ribosomes in resting older muscle is not necessarily indicative of enhanced translational capacity because we do not know the functional status of these ribosomes (e.g., ability to form polysomes). Future research should examine why skeletal muscle from older adults appears to have an abnormal accumulation of ribosomes in the resting state and how this purportedly large ribosomal pool functions during long-term RT.
The data from the present study clearly demonstrate an age-related deficit in ribosomal biogenesis following resistance exercise; however, our study is not without limitations. As with most studies involving muscle biopsies, the time point at which the biopsy is taken postexercise is a major factor. While we were able to detect significant increases in 45S pre-rRNA expression 24 h following the RL bout in the younger group, total muscle RNA content did not change at this point. Using a similar resistance exercise protocol, Roberts et al. (32) did not observe an increase in total muscle RNA content 24 h postexercise in a cohort of younger adults either. This suggests that within the first 24 h following an acute resistance exercise bout ribosome biogenesis is enhanced in younger adults (assessed by increased 45S pre-rRNA expression) but not enough rRNA accumulates within this time period to cause major changes to the total RNA pool. However, Kim et al. (16) reported that total RNA content was increased in individuals who had an extreme hypertrophic response to RT just 24 h after an acute resistance exercise bout, suggesting that ribosome biogenesis was sufficiently increased in this extreme responder cohort to be measurable as an accumulation in the total RNA pool.
Regarding protein signaling, we and others have found altered phosphorylation states as late as 24 h after resistance exercise (13, 22, 23) ; however, early, short-lived signaling events are missed in this model (e.g., Ref. 19 ). For example, protein levels of c-myc, an oncoprotein that regulates rDNA transcription (3), was unchanged 24 h following resistance exercise in the current study, while protein levels of c-myc have been found to be increased to a greater extent in young vs. old quail 1 h following stretch (2) . We previously found an induction of p70S6K Ser421/Thr424 phosphorylation (autoinhibitory domain) that persisted 24 h after acute RL in a group that experienced extreme myofiber hypertrophy during a subsequent 16-wk period of RT (22) . We were therefore surprised by the lack of induction at 24 h in the present study, and more surprised by the decrease in p70S6K (Ser421/Thr424) phosphorylation found among old (with no change in total p70S6K). We have no explanation for this result, but clearly this and other studies would benefit from multiple tissue sampling time points postexercise. Such multiple time point studies would help elucidate the time course of RL-induced ribosome biogenesis in both younger and older adults and whether alterations to ribosome biogenesis modulate long-term RT outcomes.
In conclusion, the data presented here demonstrate that although older adults appear to have a large pool of ribosomes in their resting skeletal muscle, they are unable to increase markers of ribosome biogenesis to the same extent as younger adults following an acute bout of resistance exercise. We suggest that this blunted ribosome biogenesis response to acute resistance exercise contributes to the attenuated RL-induced hypertrophy seen in older adults. Very few studies examining the RL-induced regulation of muscle translational capacity exist to date, and we believe that this is an important, yet understudied, mechanism regulating skeletal muscle hypertrophy in both younger and older adults. Future research examining the basic mechanisms controlling RL-induced ribosome biogenesis and how these mechanisms are altered in aging muscle may help to further elucidate the cause of impaired RT-induced hypertrophy in older adults.
